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S])accatitl  ilis[l uIIwlIts  ]Cquil il]~, m y(mm)lc.ts ill tlmil dcsi~,ll  slI u[I,~,lc.  to kccj I OvC.liIll  ]Kw(u
]u41ui]~..lncJlls  it) liIIc. w i t h  fca~it)lc sola I aIIiIy dilllcllsio]ls alId  121urIcl  I vc]liclc. lifl cfi]uc.itic.  s.
liltc.]lnc41ialc tc.lII]wIdluIc.  ( 1 5 0  K to  200” K) ]ddixtws to cool ]ii(liali(ul slliclds 01 o])tics olI

sl)accc.lafl  illslr L)t IIcl  Ils ])] ovi(lc  at I w yc[ uIIliij)j  Kd ]L’s(IUICc.  fol ]~.41ucirl~, tlic  CIy(WKdcl  ]Knwl
]cquilcllmlts,

11’1. lIas (lcvlIoIIstIalcd  sifv]iflcallt tlw]llml IWI fmlllatlcc.  illq)]ovctlol(s  to llli[is}l AC.IOSIMCC (IIAc)
CI yoc.(dcus  by ])l(wi(liil~. ]mwivc. umlill[’, lwlm’ ?(K) K al(NIf,  tllc. waI III CII(I of tllc. CJ yoc(mlcr
c(ll(lflll~,c.1. IIlcl(}siotl of tlw tlIcl  IIIal stIiI]I  to COOI ttlc. cd(lfilIfI,cI  }I;Is Itsullc41 ill 50 !2 ]cdmliolis
ill ctyoc.oolc.t in]mt  ]xIwc.1 with II() 1 0 s s  ill ]cfti~,c]atioil  c.aj)acily fol Coldlil)  tci IIj)(liitulrS IIcal

60 K. It is Clc%lly SIIOWI irl t h i s  JJa]ICr t}ial tll( a(lvdltl+:cs  of a Ilyl]Ii(l c(mlc}/]a(liatol  (lc.si~,ll
IIas plofmlll(l Imllc.fit< r(ll Sj)ac.ccl dfl.

lN’I’l;OI)II(:’I’  JON”

S]mccatifl  illstllillmits usitl[,,  illflalcd dctcrtms  IIccd to Illaitl(aitl  tlIc  (Ic.tcctols at ii Stal)lc.
mlljndt[lll: typical ly I)c(wc.11  10 K all(l 9[)  x. M(d)al}ical Clyocoolcls  all ]tx!ui]~xi  to su~tjm] [
Illlllli-ycal ]llissi(~t]s, ~lld Of(Cll l{dtllld:ill(  (1 YOC(K)]C’I  S  ~TC. IICI’C.SKII y to ~ssllll’.  tlIC.  ovc]fill
](:lifil)ility. ll(Iwcwt, llIc cIyoc(dcl iujml ]Irm’cd ]r411]i]~41  to ]Il(wi(lc.  tllc. IIcccssafy clyo~.cliic.

c.o(diilf, ]cqui]c.llwllts can sc.vuc.ly tiix tlw ovcvdll availaldc. spat.caafl bus ])cnm. ‘1’tw ]Imdsitic
IIcxt lm(l ]dacd olI (qw]dlil)~  cmlc.rs  by tllc ICdllll(lallt  c(mlcls  calI h a sul]sklttial fldcti(ul o f
llIc. tivailal)le  coolillr, })(WCI at cl~:)~,cllic  lcllllwldt~llc’.s  if tllc. ]u41ull(lalit c(IolcIh aIc. to Iw u s e d

witlml l]cat Sv.’itc.llcs.  ‘1’llis  }mlfisitlc  IIwt load lllust  h almlbcd hy tlIc o]w]dtirl[f, coolc],  ful[llcl
itm casil)[’,  tlIc ]mw.1  (lcIIIal I(ls of tllc. o])c]dtiilj’,  c(mlc.1. lhtcdlsivc.  tlic.llilal dcsi~,[l  p,ocs irllo tlw
Sjmuxvdft  insll (Illwtlt to oJ)lillli7c  tlIc]IIIal lIc4t t]al]sfcl  to bollI  tllc. Sjw(w]dfl  tlw]  IIIdl ]d(liatol
f i nd  to tllc. (Icl(ztol Syst(clll. llltc.~.idtio]l  tcclltiiqucs  suclI  ;is tllmc. lid by tlic t a c t i c a l  c(w]c.1
c.oll]llluni(y  to illtc~,ldtc. (lc.tccto] aII(l (lcwaI to tlm l o w  ]mvcI CI y(m(IlcI lIclj) to Illillililiz.c
],;41 dsilic  Coll(lllc.tivc. lossc.s atd illcllviw tl]c alil(nlllt  o f  usrful  molitl~,  w’(uk IIlat tlIc. c(mlc.t  GIII

p(’lfollll.

‘1’liis  ]I:I]KI dc.SCl ilm a II(W S]mcrclaft  itltc[’,rtitioll  a] IJIl(mCII t(~wfilds illl]]l(will[’, tlIc  cly(KW)lCI  ‘ S

tlIc.ll  IIal  cfflcicnc.y  by usillp,  a s]mcw.ldft’s  cl~’()~,clli(-l  clilj}crdt(lt~’  ]m~siv(: Id(lifil(II  to Il:tiiovc.  lJcal
flolll tllc. c1 yocoolc.1 cd(lflll~,cl . A  tlmllml link  flolll tlm ]dialol is attaclic41 to a poiilt alOIW



tile. Colclflng,c.r  to intmqt  ttm pawisit  ic heal  lo.d fl on] tlw w’arin c.nd of tlIC Cd(lfllif,c.1’ as well
as 10 rcdum the tclil]xmture. of ttw ~,as in tile. rc.p,clmalcrr. “Ik modest alnollllt of h(’at IC.IIIOW41
N the. coklflng,cr  wall has a sif,niflcant  effect  cm the measured Pc.rformnct of the c<dc.r.  ‘1’his
hybl  id cr yocockr/1  ddiatm dcsi~,l] pmvidcs  si~,ni  ficwnt  bc.ncfits in ovc.rirll sjmxxmf(  dcsi~,ll as
WC.]], which  Call LX dc.llm]st  rakxl in ]owercd  dcdI  iC~l dI ivc ]mve.r  ]quil Clnc.tits and ] dud
limss Icquilc.mc.nts  for the s~)acuxaft  solaI ]Mncl,  3(DK radiator, ald sujqror( sllucturc.  s.

‘1’hc ]wat intc.rcq)lor ccmxpt was dmnonst rittd cm Iwo lhit ish Ac.rospam (1 IAC) c.oolc.rs,  tlm IIAc.
80 K and tlm IIAc. 50-80 K coolc.rs.  lnco]lm~tio[l of tlm hcxrt illtc.fcc.j)tor was fould to pIoclucc.

a significant thermal ]w.rforlmnc.c. c.nllatw]mlt for each cooler, inclcasil]~, the. tlm Irral cfflcic.ncy
by as much as 100%. ‘1’his tllC1liml c.fflcic.rlcy ii]l])r(ll’c.llic.111 can be. rcali7d as either a reduction
in coo]c.r dt ivc. power require.lllc.nts for constant coo]inf,  kln])craturc and cooling  load,  01- c.arl
c.l]ab]c a colnbinatiwl of lower  wolillf,  tc.ln])c.I  at ul m and laTf,cr c.oolillf,  loads fw the same drive.
powcJ I cquil e.mnt. ‘1’his is slIcwI] ill tlm CxJW.lillicl]tal lc.suits of tlic next scdicm,

ILacl] of the. l]Ac.  coo]crs was insh ulnm]tc41 aid o]rc]atcxl ill J]’] ,’s off-state the.rll]al coldmtmcc.
test fidcility.  ] In the. facility, tlm c.ol(lflnr,cd  is C.llcloscd ill a vacuuln l[ousi~]g,  to~,ett]c.1 with tllc.
cd(lf]nge.r  of a (ii ffor(l-h4ch4ahcm  ((i-hf) cooler, w’hich ]M ovide.s tllc. cold  sirik for tlm IIAc.
coldfln?,c.r. ‘1’lw tc.st Confif,u]aticm is sllcm’11  ill l;if,. 1. ‘1’IK IIAc. co]ll])]cssor  and (Iisldac.c.r WC.]C
mcmlltcd to I]cat s ink  ~datc.s  and nmilltainrd  at ?W’(! with tllc. aid of a rccilculfitinf,  C,}]illcr to
insu] e. ]qwatabilit y bctwcc.n  tests. A flc.xibk c<qqrer  tlicrlnal stra]] was n]cchanically  attached
to one of tk two stiffening, riti~.s  n~achined itlto the BAc.  c.crl(lfin$,c.r, as shown ill l~ip., 2.

Cooler Thermal  l’crfomancc  Mcasurmimds

lirclI  of tl~c. lIAC  c(mlc.~s was initially ojw.rated at nominal colllprc.ssm and (Iisjdact.1  stloke.s
witlmut tile  thcrinal  stlap attached to the. c.ol(lf]tl~,c.l  to obtain a baseline. tllc.r[nal ]wrfo] [nancc
loadlinc a~ailmt whic]l (IIC. wbscquc.llt tllcl]nal ]wrfm Illallcc. loadlinc.s ta!-m] wit}) tl]c. tl]wmal Stra])
woLIld bc. com])arcd, ‘lhc. C.(yqm.r flallp,c. was attached [0 t h e  stiffe.nin~, 1 ins to mcaswc.  ttw

l~igl]rc 1. lixlm imcu(fil  tt’st Sc.1-uj) for neat itllercel)tor/cly(  ~c(Jc)lc.r  lIC.I fr)rlnallcc n]c.asurcmctlls,

?



l~igurc 2. }lfxrl intcrcq)tor  auachmcnl  (lcsi~n for col(lfin~cr s(iffeninf. ring.

tcmpcraturc  at the stiffc.ninf,  I inf,. An inciium  vmhcr inserted bclwczn the  stiffening ring and
the flanp,c insured fpxt thermal c.cmtact, ‘l”e.nljwraturc.  nlemurcme.nts  we.rc. mack with a silicm
dioclc mounted to the, flan~,c.. ‘J’he  nominal tc.mpcu  fit ul c at this stiffcminf,  ring. cluring  the. baseline
molcr’  opcraticm  was ?50 K, ancl was OIMI vcd to incrcasc by 10 K over the. Iange, of colcltip
lCWIS tested. No atte.m])l  was macle. to maintain the stiffe.nil]g  rillp, at a constant teln}wr’ature.
cluring  the baseline. n~casure.mc.n[s, thus the. avcx af,c. tempmrt  u] c for tt lc stiffcnin~ rillp,  is used
cm the. subsequent fi~,urc.s.

Next, the. fle.xib]c c.oppcr  tlmmal stra])  from the. G-h4 cooler  was attachc41  to tllc flanf,e. on tlm
stiffc.nins  ring. ‘J’he. lleat-il~tcrcc.]~tor tcnlpcraturc.  was regulated usin~ the G-M clyocoole.r
tc)g,cther with a resist ivc hcatc.r cm the. thmunal st lap  dIivC.11 by a 1’11 ) tcm~wrat urc ccultrollcr.  ‘1’hc
c.ontmllcr  was capabk  of maintaining, the stiffc.ning  rinf,  tmpcraturc  to within 0,1 K. Slow
spxd  st iction tcsts2 we.m run at 0.00?. }1 z cm the. COM ctisplaccr  to verify that the. the.mal strap
did not put a sick load onto the colclfint,cr  sufficic.nt  to cause ciisplacxx  rubbinf, to occur.

With the thermal strap attached to the c.oklflnf,cu,  thcwnal  pcI formarm loactli[ms  were. repeated
wi(h  the .sanm compressor ancl displaczr st I okcs as in the basdinc  case while, maintaining, the heat
inkxce.pt tc.mpemt  urc. at 150 K, and the.n 190 K. ‘1’his enabled the. dcte.rjnination  of the
inymwc.mcnt  in the. thermal pa formanct. 1 oacllinc.s were also measurcxl  with Ieduced
compressor strokes for both the. 1 SO-K anct 190-K heat-intcrccpt tcmpcrat  urc.s tc) dc.krmine,  the.
reduction in com]mssor  input powcx possible while. mainlaininp, a constant ccmlinf, load and

tc.Inpcrat  urw.

l<csults of the loactlinc  nwasurcmcmts  for the IIAc. 80 K cryocoolcr  operating under the. diffe.1 mt
operating conditions arc shown in the multi-variable. plot  in };if,. 3. The numtmrs  alonf,  the load-
lincx rqmxcnt  the. mcasulcd  c.olcttip tc.mpcraturcx  at the spczific  coldtip  loads. ‘1’hc. solid line
re.presents the. baseline thmnal  pe.rfomancf.  c~f tlm  CJ yocooler  without the. ap]dic.ation  of tlw heat
interceptor to the col(lfingcr. All other loa(llinc.s wc.rc taken with the thermal stra]] attached to
the ccdclfingcr  stiffcming,  rin,g, and maintaining, a heat intc.rccpt  temperature. of 150 K or 190 K.
‘]’his fi~,ur-e. cmphasims  the, reduction in cm]prcssor  input power possible. when a cryof,cmic.ally  -
cookd  thcmal strap is attached to the. displace.] c.oklfmp,cr. Nok that for a 61-K cokltip
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11’igure 3. ‘1’tm-lnal  performance sensitivity of lIAC 80 K cooler with heat il]tcrcq)tor.

tcnm.raturc.  ancl a 500 nlW colcltip  load, the  inclusion of tlm 150-K thermal strap I-e41uccd the..
compressor input pmvcr from 30.7 W tc) 14 .“/ W (a 52 % reduction).

1 ‘i~,urc 4 proviclcs a clearer  reprcsc.ntation  of the cnhanccd  mlcltip performance obtainable with
the heat intcrce.p[or  whiic. opc.ratinE. the. ccmpressox at a constant 7 .?-mm comprcmor  stroke.
‘J’tmsc loadlincs  show a sig,nitkant  in~prove.mc.nt  in tlw attainable colclliJJ tc.mpc.raturc for any
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1/igurc S. Thermal perforn)ance sensitivity of BAe 50-80 K cooler with heat interceptor.

given cooling load. The loadlinc  curves also show that for a given coldtip  temperature as much

as 300 n~W of incrcascd  cooling capacity could bc achicvcd with the 1 SO-K heat intcrccpt
temperature, and that this increase in cooling capacity is accompanied with a 3 W decrease h ,

coblcr  input power. For a cold tip temperature of 60 K, this results in a net performance
improvement of over 75 %,

Results for the 13Ae 50-80 K cooler loadlinc  mcasurcmcnts  arc shown in I’igs. 5 and 6. “1’hc
multi-variable plot in l~ig. 5 shows the loadlincs  measured for the cooler  opcra(ing  with different
compressor strokes and heat intercept tempcrat  ures. The solid line represents the baseline
performance measure for the cooler. ‘l-he  other loadlincs  were obtained for the cooler with the
thermal strap attached to the coldfmge.r. Similar to the llAe 80 K cooler, utilization of the
150-K strap while operating the BAc 50-80 K cooler  at constant compressor stroke. results in a
nominal 10 K reduction in coldtip tcmpcraturc  alonF, with a small reduction in cxmprcssor  input
power. For a 60-K cold tip tmpcraturc  and a 1 W cooling load, the 150-K heat intcrccpt  strap
rcductd the compressor input power by 15 W cwe.r the baseline operation. I:iF,urc  6 shows a
nominal 300 nlW increase in cooling capacity when operating at the 150-K heat intercept
temperature, for constant compressor stroke operation of the cooler.

l)uring  the testing it was confirmed that the electrical drive power, which is typically,vcry small
(<1 watt), was not affected by the addition of the heat interceptor.

1 lwst lntcrc.epl  or Calorilnc( ry Memurcmmts

Iluring tests with the DAc 50-80 K cooler, a heat flow transducer was inserted into the thermal
path of the heat intcrccpt  slrap  to measure the heat flow out of the. coldfingcr  wall and into the
heat intc.rccptor  cold sink. The results are shown in IFig.  7. JJor 60-K coldtip temperatures the
quantity of heat removed via the 190-K heat strap was approximately 1.1 W, and for the 150-K
heat strap the heat removed was approximately 1.7 W. ‘l’he heat flow to the 150-K strap
asymptotes to 2 watts for coldtip  te.mpcrat urcs abcwc 100 K.

5
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Figure 6. l’hermal pcrfmnance  sensitivity at constant stroke for DAe 50-80 K cooler with heat
interceptor.
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Figure8, I) Ae50-80 Kcryocc)oler  coldfinger  off-state condl]ction.

Colclfinger IIcat Conduction Measurcmmls

l)arasitic  heat conduction measurements were made at the coldtip  of the BAe 50-80 K coldfinger
to dd~r}lline  the change in parasitic heat load along the length of the coldfingcr  resulting from
the attachment of the heat intercept strap. l’hese measurements were made by adding a second
G-M cooler to the vacuum chamber, its coldfinge.r  being used to cool the coldtip  of the now non-
operating BAe cooler to typical flight operating temperatures. “l’he heat flow transducer was
inserted into the thermal path to measure the parasitic heat load as a function of I\Ae coldtip
temperature. As expected, there was a significant reduction in the measured parasitic heat
conduction for the cases where the heat strap was attachcxi  to the stiffening ring. The reduction,
shown in Fig, 8, was as much as 150 rnW at a coldtip temperature of 50 K (or about 60 %),

S1’AC1;CRAIW  DIHGN IM1’I.1CA11ONS

The hybrid cooler/cryogenic radiator is applicable for both carlh orbiting and de~p space
missions, and enables several significant design and operational improvements for the spacecraft
and the spacecraft instrument. As noted above, the incorporation of the heat intercept strap to
transfer heat to a cryogenic radiator can provide significant enhancements to the cryocooler
thermal performance. With a 150-K heat intercept temperature applied to the cryocockr
coldfinger,  cryocooler drive power requircn~cnts  can be rcxtuccd by as much as 50 %, or equally
important, the cooling capability of the cooler can be nearly doubled.

I/or spacmraft  instruments which have ru]cd out mczhanieal  cryocoolcrs  because of the
cryocoolcr  input power demands, the inclusion of a cryogenic temperature radiator in the
spacecraft design and utilization of the, heat intercept strap may be the enabling features that
permit the instrument to incorporate cryocoolcrs  to extmi  mission lifetimes or to enhance
mission objectives. The use of the cryogenic radiator could be extended to provide cryogenic
thermal shielding about the dcteotor  to reduce the radiative load on the detector. }~or  small
missions where the parasitic heat load from a redundant cooler may have becm comparable to
the detector cooling requirement, the utilization of the heat intercept strap would also reduec the

-1



parasitic load from the rtxlundant  cooler, making its inclusion into the overall thermal design
feasible.

Besides the improvement in cryoeoolcr  performanc~,  there arc also significant spacxzraft  size
and mass savings as well. 1’0 assess the potential bc.ncfits to incorporating the heat interceptor
concept into a spaeccraft,  it is useful to examine the performance improvement to the BAc 50-80
K cooler as an example. ‘l’he measured performance data from }?igs. 5 and 7 show that
operating the IIAe 50-80 K cooler with the 150-K heat interceptor while applying a 1 watt
refrigeration load at 60 K, results in a 15-W reduction in eoolcr drive power and a conduction
of 1,5 W from the eoldtingcr into the 150-K heat strap.

The 15-W reduction in electrical power results in a reduction in solar panel area. Assuming a
solar panel with an efficiency of 8% for converting sunlight into clcctrieal  power, and a solar
constant at earth of 1356 W/m2, the solar panel electrical power productivity is approximately
110 w/n12. This suggests an assoeia{ed  0,136 n~2 reduction in solar panel  area. There is an
accompanying reduction in storage battery size as WC.11 (the storage battery is nwxled  to continue
the operation of the spaeczraft  as it passes through the earlh’s shadow).

For low earth orbiting spacecraft, cryogenic radiators are capable of operating at temperatures
around 150 K to 180 K, Radiator performance is highly orbit dependent and mission dependent,
but for this example assume that the cryogenic radiator is at 150 K, and that both the 150-K and
300-K radiators have an emissivity  of 0.9 and radiate. to deep space. The 15-W power reduction
also means a 15-W reduction in heat being dissipated from the cooler  to the 300-K radiator,
resulting in a 0.036 n~2 decrease in the size of the X)(LK radiator. The 150-K radiator will
require a 0.058 m2 incrcasc  in size to dissipate the additional 1.5-W load at this radiator.

These dimensional changes em better be assessed in terms of the mass adjustments to these
components. Mass allocations typically used3 for the solar panel/storage batteries and for the
MO-K radiator is 0.25 kg/W and 0.1 kg/W, rcspcztivcly.  The 15-W power reduction therefore
corresponds to a potential mass reduction of 3.8 kg for the solar panel and 1.5 kg for the NM-K
radiator. Using a 1< ratio to estimate a corresponding mass allocation of 1.6 kg/W for the 150-
K radiator, the additional 1.5 W of heat rejection at 150 K would add 2,4 kg to the mass of the
150-K radiator. The net decrease in mass suggests there could be a potential reduction in mass
for the support structure for the solar panel  and radiator. The order of magnitude difference in
the heat flow (1.5 W vs 15 W) between the 1 SO-K thermal strap and the 300-K thermal strap
(or mounting interface structure) carrying the rejected heat to the respective radiators suggests
there could be cxmsiderable  savings in mass there as well, Assuming, for example, that both
thermal straps were made of copper 20 cm in length and had an end to end temperature drop of
5 K, the associated change in mass would be 4.8 kg for the 300-K thermal strap and 0.48 kg for
the 150-K thermal strap. The estimated mass savings is summed up in Table 1.

“~ablc 1. Example  mass savings resulting from use of 150-K heat interceptor.
-

Solar Array/llattery -3,8 kg
300 K Radiator -1.5 kg
150 K Radiator 4-2.4 kg
Compressor to Radiator Thermal Conductor -4.8 kg
Heat interceptor to Radiator Thermal Strap + 0.5 kg
S/C Support Structure unknown-...
Net Mass Savings 7.2 kg

8
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}’or dw.p space missions it is possible to reject heat  at temperatures as low as 40 K. This
provides the opportunity to reject heat from the coldfingcr  at even lower temperatures, or to
reject the heat from the first stage of a two stage coldtlngcr.  This is expected to further reduce
cooler drive power requirements, potcntiall  y enabling the use of < 10-K cryocoolcrs  for deep
space missions.

A reduction in input power to the cryocoolcr  translates into operating the cryocmolcr  piston
and/or displacer at reduced stroke. This provides another benefit to the spacecraft as it results
in a reduction of the cryocoolcr-gcncratcd  vibration and EMI levels being transmitted to the
spacecraft, and as well, reduces the stress on the ftcxure springs which can effect the overall
reliability of the cooler.

SUMMARY

The test results prcscntcd  above show the significant performance improvements, as much as
100%, with the British Aerospace cooler when incorporating the cold finger heat interceptor.
The stiffening rings on the BAe coldfingcr  providcxl  a convenient and near optimal attachment
point for the thermal strap. Here the parasitic load along the coldfingcr  wall was easily
intercepted and removed. It is anticipated that additional performance improvements could be
made for any given heat intercept temperature through an optimization of the regenerator matrix
or by determining the optimum attachment point along the length of the coldfinger.  It is cxpczted
that the performance improvements may bc even more profound for external regenerator
displacers and pulse  tubes, where the regenerator and working gas is in intimate contact with
the coldtinger  wall.

The utilization of the thermal heat intercept strap to transfer a modest amount of heat from the
cryocooler  coldfinger  to the spacecraft cryogenic radiator can provide substantial thermal
efficiency improvements that translate into rcxtuctions  in the electrical power and mass for the
spacecraft design. The hybrid cooler/cryogenic radiator can allow low power missions to now
include a cryocoole.r  into the design without a major power penalty, or to include a redundant
cryocooler to prolong mission life.
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